Abstract: Nowadays, the surgical microscope is the goldstandard for microsurgical procedures. Additional functionalities such as surgical navigation, data injection or imageoverlay are providing additional valuable information to the surgeon. For substituting the conventional optical system by a fully-digital multi-camera setup the three dimensional (3D) reconstruction of the scenery in the field of view is required. However, for in camera-based systems, an exact alignment of the cameras is a challenging task. Therefore, a final adjustment through a digital image rotation becomes necessary. Even though the digital rotation is a commonly used procedure, it leads to unavoidable errors because of the discretized grid of the image. Previous research reported in literature has demonstrated that the method of digitally rotating the images combined with the Fourier interpolation delivers the results of best quality. Nevertheless, the performance evaluation of this algorithm was carried out rotating an image in multiple threestep rotations to a total of 90 or 180 degrees and comparing it to the original image rotated in one step. This is a valid approach because a rotation of 90 or 180 degrees does not produce rotation artifacts. In this research project, we verify the performance of the three-step rotation algorithm using recorded images for which the test pattern was rotated as ground truth. A series of photographs with a rotation angle of 3 to 45 degrees was created. The advantage of this setup is that the result of the digital rotation can be directly compared to the recorded image. In addition, with the knowledge obtained about the interpolation error, we can improve pixel matching in the further triangulation used for 3D reconstruction. By doing so, the estimation of the interpolation error helps to reduce the triangulation error.
Introduction
Digital image processing for biomedical applications is improving fast and has become standard in many fields of medicine. The digitization of images and videos in operating rooms are no exception and are starting to substitute the conventional optical systems. One of the main research goals in our laboratory is to develop a fully digital surgical microscope. For this purpose, a multi-camera setup is needed in order to complete a 3D reconstruction of the surgical scenery. The usage of multiple cameras leads to the requirement of an exact camera alignment. To avoid costly and time consuming camera calibration and alignment, the adjustment of small rotation angle differences between the cameras should be corrected digitally. For high-quality image reconstruction of the scenery accurate rotation algorithms are necessary. Kieswetter et al. and Lehman et al. [4, 5] analyzed a series of interpolation kernels. The authors evaluated the behavior in spatial and Fourier domain, as well as the accuracy of the approximation of the ideal interpolator: the sinc-function. The verification of the algorithm was based on multiple forward rotations because of missing ground truth image data. For the fully digital microscope the accuracy of small rotation angles is of great interest. Therefore, we introduced a setup with ground truth data to prove the quality of the algorithm directly after one rotation.
Methods
.
Rotating images
In general, if an image is rotated by Θ degrees (Θ = n · π , n ∈ Z) the rotated sample points lay between the original grid points. In order to obtain the new pixel values for the original grid points, an interpolation must be performed. Regardless of which interpolation method is used, the computed interpolated samples are obtained by convolution of the original samples in a finite neighborhood. The quality of this convolution-based rotation is dependent upon the selected size of the interpolation kernel [4, 8] . Even though interpolation methods such as nearest neighbor or bilinear interpolation (zero and first order approaches) can be implemented in a simple manner, higher order models are preferred to guarantee the high quality of the result. Maximum quality is achieved if the interpolation kernel M × M equals the image size N × N. Nevertheless, with increasing kernel complexity, the relevant neighborhood extends to a greater size and the processing time tends towards O(N ) making the procedure no longer practicable at some point.
A different interpolation approach can be achieved, if we assume that the recorded image is limited in the frequency domain. According to the Shannon-Nyquist theorem, an ideal error-free interpolation can be performed on a band-limited image using the coefficients from the function sinc(
in the space domain. An accurate approximation of the sinc(x) function is needed since this function extends to infinity. For the digitization of a surgical microscope, it is necessary to rotate large, high-quality images. However, a low computation cost is also desired. A suitable approach is the decomposition of the rotation procedure into a sequence of three one dimensional (1D) transformations. This leads to 1D convolutions applied only on rows or columns of the image. Such a decomposition is described by the three-step method [2, 7] . The rotation matrix R(Θ) is separated into several one-dimensional skew operations.
Each transformation in equation 1 corresponds to a 1D shearing operation of the image in the x or y direction. The shearing is obtained by a shift of each row (or column) by an offset ∆x = −y × tan Θ (or ∆y = x × sinΘ) according to its coordinate. The three-step image rotation method was stated as the best high-quality image rotation method by [1, 6, 8] in comparison to rotations in one step with various interpolation methods. Therefore, we decided to implement the three-step method and to complement it with the interpolation based on the sinc-function. The goal was then to estimate the interpolation error of digital rotated images comparing them to ground truth data.
. Rotation algorithm
The implemented algorithm compared the first non-rotated image of the test pattern with another image which was first rotated mechanically followed by a digital rotation in the opposite direction and with the same angle. The digital rotation was done by the three-step rotation algorithm which was introduced by [6] . The one-dimensional row (or column) shifting was done in the Fourier space as [6] showed that a skew of σ in one dimension of an image is equivalent to a skew of the spectrum of that image by −σ. Furthermore, [9] demonstrated that using shifted discrete Fourier transform with appropriate choice of the parameters coincide with the discrete sinc-interpolated signal. Therefore, the algorithm involved direct and inverse fast Fourier transformations and modulations of the image, its spectrum, and the output image by corresponding phase multipliers that provided the required row (or column) shift.
The rotation of the image by the three-step method introduced aliasing. To reduce this artifact the intermediate images, which were saved as floating point numbers, were low-pass filtered after every shearing operation.
After the last skew, the nearest integer values were calculated to get the final backwards rotated image. For comparison, the two images (non rotated and rotated one) were cropped to the region of interest, the test pattern, and a map of the absolute pixel difference was created. .
Test pattern
The high resolution of the displayed scenery delivered by state of the art microscopes must be retained after digital rotation. In order to simulate a complex scenario, we used two diffe- rent vector images as test pattern and evaluate the result of the three-step rotation method. The vector images are shown in figure 1 and 2. The test patterns were modified from [3] and printed in high quality on a film. Nevertheless, Moiré artifacts still remained on the first pattern, which was a greyscale resolution test chart. We used it to visually examine the accuracy of the rotation of edges and converging line pairs. The second test pattern was a color one that should be used in future for further analysis. The goal here is to test the accuracy of the color intensity after rotation.
Setup for ground truth data
As our approach of this paper was to estimate the interpolation error of the rotation algorithm using recorded images with rotated test pattern as ground truth, it was necessary to capture those images first. For this purpose, we built the setup shown in Figure 3 . The chosen camera was a Nikon D3300 with a sensor size of 23.5 mm × 15.6 mm and a maximum resolution of 6000 × 4000 pixels. The camera was fixed above the center of a rotation platform. The distance between the camera and the rotation platform was specified by the selected focal length of the camera and the size of the scene that needed to be captured. Independent of the rotation angle, the complete test pattern was pictured. Thus, the diagonal of the test pattern was the parameter of choice for the adjustment of the setup. To guarantee consistent pixel intensities for all rotation angles a flourescent lamp was installed on the rotation platform. The film with the test pattern and a white paper as background were fixed on the rotation platform with millimeter-precision. A first set of analog rotated ground truth data with the greyscale test pattern was recorded. The rotation angle varied from three degrees up to 45 degrees with a precision of one degree. 
Results
A first evaluation of the recorded images showed, that the center of the test pattern did not coincide with the center of the camera sensor for the complete set of the rotated images. In Fig. 4 the map of the pixel difference is shown between a backwards rotated image (10 degrees) and the original non-rotated one. It indicates a shift of the rotation center among the set of the recorded test pattern. The millimeter-precision for the positioning of the test pattern on the rotation platform was not accurate enough to perfectly align the center of the test pattern with the center of the rotation platform and the center of the camera sensor. A set of pictures were taken with a rotating one point light source to analyse whether the cause of the shift was only created by the millimeter-precision of the positioning of the test pattern or if an additional tilt between the optical axis of the camera and the rotation platform existed. The light points (Fig.  5 ) attested a tilt between the optical axis and the rotation axis because the recorded one point light sources is not located on a circle. 
Discussion and outlook
As already mentioned by [6] , it is a great challenge to obtain ground truth data. Our setup was installed with a precision in millimeters and in steps of one degree. This results in difficulties with the exact positioning of the test pattern in terms of perfect alignment with the center of the rotation platform. In addition, a highly accurate matching between the center of the camera sensor and the center of rotation was also difficult to obtain. The existent tilt between the optical axis of the camera sensor and the rotation platform might be eliminated by an integer offset in the implemented algorithm. An integer shift of the original non-rotated test pattern can be carried out without a modification of the pixel intensities. This would lead to a better comparability with the ground truth data, even if the center of the test pattern is not equivalent to the rotation center.
If the mentioned corrections are carried out, the setup should allow the generation of data suitable as ground truth for the quantification of the performance of the three-step algorithm. In that case, the computation of the mean squared error between rotated image and original one (as demonstrated in [6, 8] ) would be the performance evaluation measure to choose.
The study of the interpolation error obtained by the direct comparison of the digital rotation and recorded image may help to decrease the triangulation error in 3D reconstructions, which is needed for a fully digital microscope.
